Abstract-Changes in the elasticity of the vaginal walls, connective support tissues, and muscles are thought to be significant factors in the development of pelvic organ prolapse, a highly prevalent condition affecting at least 50% of women in the United States during their lifetimes. It creates two predominant concerns specific to the biomechanical properties of pelvic support tissues: how does tissue elasticity affect the development of pelvic organ prolapse and how can functional elasticity be maintained through reconstructive surgery. We designed a prototype of vaginal tactile imager (VTI) for visualization and assessment of elastic properties of pelvic floor tissues. In this paper, we analyze applicability of tactile imaging for evaluation of reconstructive surgery results and characterization of normal and pelvic organ prolapse conditions. A pilot clinical study with 13 patients demonstrated that VTI allows imaging of vaginal walls with increased rigidity due to implanted mesh grafts following reconstructive pelvic surgery and VTI has the potential for prolapse characterization and detection.
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I. INTRODUCTION

P
ELVIC organ prolapse (POP) is a highly prevalent condition affecting at least 50% of women in the US during their lifetimes [1] . A recent study including 27 342 women revealed that 40% of women aged 50-79 years have some form of pelvic organ prolapse [2] . Some loss of utero-vaginal support occurs in most adult women [3] , however, the true etiology of prolapse and differences seen among individuals is not entirely understood. Changes in the elasticity of the vaginal walls, connective support tissues, and muscles are thought to be significant factors in the development of pelvic organ prolapse [4] - [6] . Consideration of these data creates two predominant concerns specific to the biomechanical properties of pelvic support tissues: how does tissue elasticity affect the development of pelvic organ prolapse and how can a functional elasticity be maintained through reconstructive surgery while providing enough strength for a durable repair.
Pop is the descent of the apex of the vagina or cervix (or vaginal vault after hysterectomy), anterior vaginal wall, and/or posterior vaginal wall [7] , [8] . As prolapse progresses, pelvic organs can become displaced and even protrude outside the vaginal canal. It has been shown that the frequency of pelvic floor disorders (urinary and fecal incontinence, and pelvic organ prolapse) increases with age, affecting more than 40% of women from 60 to 79 years of age, and about 50% of women 80 and older in the United States [9] . The lifetime risk of undergoing surgery for prolapse or urinary incontinence is approximately 11% by age 80 years [10] . POP is the leading indication for hysterectomy in postmenopausal women and accounts for 15%-18% of procedures in all age groups [11] . Beyond the physical impact of POP, women with progressing pelvic organ prolapse score poorer on both generic and condition specific quality-oflife scales [12] . In addition, about one-third of sexually active women with pelvic organ prolapse report that their condition interferes with sexual function [13] .
The high incidence of POP dictates the need for effective means of prolapse detection, characterization, and assessment results of reconstructive surgery.
A. Current Pelvic Organ Prolapse Evaluation Methods
Diagnosis of vaginal prolapse involves taking a medical history and performing a physical examination. In more severe cases, imaging tests such as ultrasound, MRI, and X-ray imaging is used to further assess the condition. Diagnostic tests may include bladder and rectum function tests.
1) Physical Examination: During a physical examination, the physician inspects the urogenital areas and rectum for masses and indication of reduced muscle tone. Many physicians simply describe POP as a small, medium, or large prolapse. Other physicians use a ruler to measure the vaginal protrusion. Some physicians rate POP using POP Quantification (POP-Q) system [14] . Even though, the POP-Q system is precise at describing POP, it has limited ability to quantify the prolapse itself, since it still classifies prolapse into four stages [15] . Though the physical examination helps the clinician to describe the extent of pelvic organ prolapse, it does not help in the evaluation of the risk of prolapse development from the normal condition. Digital palpation does not provide quantitative tissue characterization to compare with normal elasticity of vaginal walls. It has poor sensitivity and is highly subjective, making manual palpation an impractical tool for assessing underlying tissue properties.
2) Ultrasound: Various ultrasonic techniques are available for the assessment of pelvic floor organs in females. Perineal and introital ultrasounds have both become routine diagnostic techniques for assessing stress urinary incontinence and genitourinary prolapse [16] . Preoperative ultrasound yields information on the pathomorphology of the continence control system [17] . Many female patients seen in outpatient clinics possess not only stress urinary incontinence and genitourinary prolapse, but also voiding problems and recurrent urinary tract infections. Abdominal ultrasound is frequently used in these conditions, while transvaginal ultrasound is rarely applied. Intraurethral, Doppler, and 3-D ultrasound [18] have so far been used only within the framework of scientific investigations, due to the complex equipment required to perform these examinations and due to as yet unanswered questions regarding the interpretation of the findings [19] . For similar reasons, transrectal ultrasound has not gained ground as an imaging modality for assessing the female urogenital organs.
3) MRI: Great progress in magnetic resonance techniques has magnified the role and potential of MRI in female pelvic organ disorder characterization. The standard technique consists of T1-weighted (T1W) and T2-weighted (T2W) imaging with spin-echo sequences. Recent fast MRI has enabled the acquisition of serial images at an interval of a few seconds. Cine MRI is used for evaluating uterine contractility [20] , including sustained contraction and peristalsis, in a variety of conditions and gynecologic disorders, and for evaluating pelvic-floor weakness [17] . However, the functional MRI of the female pelvic region is primarily used in research rather than in everyday clinical practice [21] . MRI is still not widely accepted by gynecologists also because of the lack of proper training, complexity of examination, and associated cost.
4) X-Ray Imaging:
Generally, radiographic assessment to establish extent or characteristics of a patient's prolapse is unnecessary. Some clinicians have advocated use of imaging procedures such as contrast radiography to describe the location of pelvic-support defects before attempting surgical repair [22] . However, a scarcity of standardized radiological criteria currently exists for diagnosis of pelvic organ prolapse, and the clinical benefit of such radiographic imaging has yet to be defined. Radiological imaging might be needed for further diagnostic assessment only in certain individual cases, which can be used together with urodynamic testing and endoscopic examinations in the framework of the special urogynecological outpatient service after carefully weighing their risks and benefits [23] .
B. Elasticity Imaging and Assessment of Soft Human Tissues
In the last decade, a new modality for tissue characterization termed Elasticity Imaging (EI) or Elastography has emerged. EI allows visualization and assessment of mechanical properties of soft tissue. Mechanical properties of tissues, i.e., elastic modulus and viscosity, are highly sensitive to tissue structural changes accompanying various physiological and pathological processes. A change in Young's modulus of tissue during the development of a tumor could reach thousands of percent [24] - [26] . EI is based on generating a stress in the tissue using various static or dynamic means and the measuring resulting strain by ultrasound or MRI [27] - [33] . The current increasing flow of publications from many countries all over the world on Elastography covers practically all-key human organs [34] - [40] . Tactile imaging (TI), a branch of EI, yields a tissue elasticity map, similarly to other elastographic techniques. At the same time, TI, which is also called "stress imaging," "computerized palpation," or "mechanical imaging" [41] - [46] , most closely mimics manual palpation, because the TI probe, with a pressure sensor array mounted on its face, acts similarly to human fingers during a clinical examination by slightly compressing soft tissue with the probe and detecting resulting changes in the pressure pattern.
The main purpose of the present paper is the development of vaginal tactile imager (VTI) and evaluation of its applicability for imaging and assessment of mechanical properties of vaginal walls.
II. VAGINAL TACTILE IMAGER
A. System Overview
We designed and built a proof-of-concept prototype of the VTI, which includes a transvaginal probe, an electronic unit, and a laptop computer with a data acquisition card. The vaginal probe comprises of a tactile sensor array and a tilt sensor. The tactile sensor array is installed on the probe head surface contacting with the vaginal wall during the examination procedure. The probe head measures 48 mm in length, 20 mm in width, and 14 mm in height having ellipsoidal cross section. The tactile sensor array (Pressure Profile Systems, Inc., CA) comprises of 120 capacitive pressure sensors, which provide 2-D pressure pattern being contacted with vaginal wall. In average, each pressure sensor has sensitivity of 50 Pa and reproducibility is about 200 Pa. We used a two-axis acceleration sensor ADXL202 (Analog Devices, MA) as the tilt sensor, which was incorporated inside the probe. During examination, the VTI probe is covered by a disposable elastic sheath (Sheathing Technology, CA) designed for ultrasonic transrectal probes. Fig. 1 shows the basic structural components of the VTI probe. As shown in Fig. 1 , during the pressings on the anterior and posterior vaginal walls, the probe was rotating relatively unmovable horizontal axis passing through the tilt sensor, which is distanced about 15 cm from the probe head.
We assumed that the slope of a peak pressure value related to specified zone inside a tactile image versus total applied force to the probe head (scanhead) characterizes relative elasticity of a hard inclusion placed inside soft tissue against which the scanhead has been pressed.
We accepted that the slope (Es) of the total applied force to the scanhead versus elevation angle of the probe characterizes an elasticity of the vaginal wall against which the probe head has been pressed. Further, we will call this slope Es (kilogram per degree) as an elasticity index. We used a least-square linear fit to estimate the slopes.
The electronic unit provides data acquisition from the tactile sensor array, the tilt sensor, and communicating with a laptop computer through a universal serial bus (USB) port. The data acquisition rate is about 25 tactile pressure patterns per second.
The implemented VTI software supports three operational modes: data acquisition, data management, and device management. The implemented software allows real-time visualization of the pressure pattern on the probe head and storing the data in a digital format. All data post-processing is done with the use of MATLAB and Borland C++ compiler. The tactile image processing included: 1) removing negative sensor signals; 2) lowpass noise-cutting filtration based on calculation of the exponential moving average for each tactile sensor with the time constant of 0.3 s; 3) edge smoothing by linear filtration (weighed averaging of 3 × 2 pixels/sensors along the tactile sensor array boundary); 4) 2-D noise-removal filtration (weighted averaging of 3 × 3 pixels/sensors inside the frame); and 5) 2-D linear interpolation. All these steps are described in details in [46] .
B. Examination Procedure
The VTI examination was performed on a patient in a standard position for physical examination of a vagina used in gynecologic office. A lubricating jelly manufactured by Chester Labs (Cincinnati, OH) was applied to the outer surface to ensure comfortable insertion. The examination procedure for elasticity imaging of female pelvic floor comprised the following steps.
1) Inserting the probe head into the first one third of the vagina and imaging the first one third of the vagina by pressing the probe head against an anterior and posterior vaginal wall. 2) Sliding the probe deeper to a medium part of the vagina and the pressings were repeated as in Step 1. 3) Sliding the probe head on maximum depth until a cervix contact and pressing again.
C. Population Description
In a period from August 1, 2007 to February 1, 2008, 13 women were enrolled in the study and underwent transvaginal TI evaluation. Among them six women were with normal pelvic support, three of whom had had prior reconstructive pelvic surgery, and seven women with current pelvic organ prolapse. The clinical protocol was approved by the Institutional Review Board. All women gave written informed consent. The study was done in compliance with the Health Insurance Portability and Accountability Act. The imaging protocol was performed at the time of scheduled routine gynecologic visits at The Institute of Female Pelvic Medicine (Allentown, PA) and at the outpatient gynecologic clinics at St. Luke's Hospital (Bethlehem, PA).
Total workflow comprised of the following steps. 1) Recruiting women who routinely undergo vaginal examination as a part of their diagnostic treatment of concerned areas. 2) Performing a VTI examination of the concerned area.
3) Acquisition of clinical diagnostic information related to the studied cases by standard clinical means. 4) Analyzing tactile images and evaluating vaginal wall elasticity from the recorded VTI examination data. Prior to taking the VTI examination, a standard gynecologic vaginal examination was performed by a practicing urogynecologist. Attention was given to vaginal softness, elasticity, and any abnormalities and the results were recorded to map the vaginal surface at the level of the middle one third of the vagina and the upper one third of the vagina (the areas most affected in prolapse and in sexual function). A three-point grading system for vaginal elasticity was used [47] to assign mild, moderate, or severe rigidity scores to any area of the vagina with a palpably decreased elasticity. For prolapse description, we used POP-Q system [14] . According to the POP-Q system, prolapse conditions are classified in one of the four stages (grades) for anterior and posterior vaginal walls.
D. Statistical Analysis
A statistical assessment of the diagnostic significance of the elasticity index was completed with the aid of the statistical toolbox in MATLAB 6.1 (MathWorks, Natick, MA). For visual evaluation of the analyzed clinical data distributions within the normal and prolapse patient samples, we used boxplots for data representation. In descriptive statistics, the boxplot is a convenient and widely accepted way of graphically depicting groups of numerical data or data samples [61] . Boxplots are able to visually show distinctions of data samples without making any assumptions about the underlying statistical distribution. We have used a notched boxplot [62] showing a confidence interval for the median value. The spacings between the different parts of the box help to compare variance. The boxplot also identifies skewness (asymmetry) and outliers. The intersection or divergence of confidence intervals for two patient samples is a visual analog of the paired t-test. We used also a formal t-test (ttest2 function in MATLAB) to determine whether two samples (normal versus prolapse) could have the same mean when the standard deviations are unknown but assumed equal. The test result is 1 if the test rejects the null hypothesis (both samples have the same means) at the 0.05 significance level (alpha) and 0 otherwise.
III. RESULTS OF CLINICAL STUDIES
The objectives of the clinical study were to assess the VTI capabilities in vaginal wall imaging and elasticity characterization. Below, we consider three representative cases out of 13 cases to illustrate imaging capability and elasticity evaluation approach, and further, we summarize the elasticity data for all 13 cases.
In all three cases with reconstructive pelvic surgery, the VTI allowed observing increased rigidity at sites with implanted mesh grafts. Case 1 presents an example of tactile images of both anterior and posterior vaginal walls after reconstructive surgery. Physical examination revealed a palpable foreign body sensation of the underlying mesh at the anterior wall, particularly, at 70 degrees off of midline bilaterally as shown in Fig. 2 . The posterior wall is normal on palpation at the apex, with a mild rigidity appreciated at the site of the prior posterior colporrhaphy from the middle to lower vagina.
VTI allowed visualization of increased rigidity at both implanted mesh grafts as it might be seen on the tactile images (red-colored zones) presented in Fig. 3 . The color distribution on the tactile image represents a contact pressure distribution or tactile feedback under applied load to the tissue. The spatial X, Y -coordinates for the color images show the transverse (X) and longitudinal (Y ) direction for a vaginal wall over which the elasticity is being characterized. Tactile imaging also shows a small rigidity increase (yellow-colored zone) at the posterior vagina wall after the posterior vaginal colporrhaphy. To provide quantitative evaluation of the most rigid tissue, we presented 2-D plot where the horizontal axis is proportional to the total applied force to the scanhead, while the vertical axis is a peak pressure related to maximum measured value inside the observed zone (see Fig. 3 ). The slope of this kind of a "load" curve characterizes the elasticity deviation of a lesion or a hard inclusion placed inside soft tissue [46] , [48] .
Further, we selected two typical cases for normal and vaginal prolapse conditions to illustrate the approach we used for evaluation of the vaginal wall elasticity.
B. Case 2
A 39-year-old woman with no prolapse findings or abnormalities on exam. No prior surgeries.
Physical examination revealed normal elasticity of all vaginal walls (see Fig. 4 ), no prolapse findings or abnormalities.
VTI scan provided quantitative evaluation of elasticity of the vaginal walls. The elasticity index is Es = 0.18 kg/deg. for anterior wall, and Es = 0.11 kg/deg. for the posterior vaginal wall (see Fig. 5 ). We defined the elasticity index in Section II-A. Relatively linear dependence of the total applied force to the probe head versus elevation angle allowed assessment of a slope of the imposed line (see Figs. 5 and 7, respectively) . This kind of a "load" curve characterizes an average elasticity of the compressed soft tissue [44] , [46] .
C. Case 3
A 69-year-old woman with moderate-severe (Grade 3) prolapse of the anterior vaginal wall, moderate (Grade 2) prolapse of the posterior vaginal wall.
Physical examination revealed normal elasticity of all vaginal walls (see Fig. 6 ). Both anterior and posterior vaginal walls were easily distendable with palpation, consistent with prolapse. Grade 3 prolapse of the anterior vaginal wall and Grade 2 prolapse of the posterior vaginal wall was appreciated.
VTI scan provided quantitative evaluation of elasticity of the anterior vaginal wall Es = 0.025 kg/deg., and the posterior vaginal wall Es = 0.035 kg/deg. (see Fig. 7 ).
Figs. 8 and 9 represent vaginal wall elasticity data for all 13 patients enrolled in the clinical study. The elasticity data obtained by VTI are shown versus the stage of the prolapse development assessed by physical examination for anterior (see Fig. 8 ) and posterior (see Fig. 9 ) vaginal walls. Vertical bars in figures denote calculated standard deviations for each experimental value as an average for three to five compressions of the scanhead against vaginal wall. In our pilot clinical study, no patient had a prolapse stage higher than three. Fig. 10 shows discrimination of normal from prolapse conditions. The results of t-test statistics for anterior vaginal wall (left-hand side graph) allowed rejecting the null hypothesis. The significance is 0.015, which means that we would have observed by chance these values of t in only 15 out of 1000 experiments. The results of t-test statistics for posterior vaginal wall (righthand side graph) allowed also rejecting the null hypothesis (the significance is 0.022). That means the VTI data demonstrate statistically significant quantitative decrease in the vaginal walls elasticity for prolapsed conditions, which were defined by physical examination.
IV. DISCUSSION
We may see that VTI can clearly visualize the increased rigidity at both the mesh graft site and the posterior vaginal site (see Fig. 3 ). These images may be considered as documentation of the current elasticity state of the vaginal walls. Any significant changes in the elasticity pattern of vaginal walls in time (months or years) might be observed by repetitive TI scanning after establishing confidence intervals for quantitative values. The collected TI data for sites with increased hardness, such as mesh graft "arms" after surgery, allow elasticity assessment of these sites by calculating the slope of the peak value inside the pressure pattern versus total applied force to the scanhead.
Figs. 5 and 7 support the claim that TI may be used to assess the underlying connective tissue properties of vaginal tissue and this approach may be used to assess the risk of developing pelvic organ prolapse. We see that the slope (Es) of the scanheadapplied force versus elevation angle, which is proportional to the probe head displacement, can characterize an elasticity of the vaginal wall. Data summaries for cases 2 and 3 are shown in Table I . From this table, we see that the tissue elasticity ratio of normal-to-diseased vaginal walls corresponding to Grade 3 and Grade 2 prolapse are 7.2 and 3.1, respectively. Such significant difference in wall elasticity can be easily detected.
The VTI data also demonstrate the difference in the elasticity of the anterior and posterior vaginal walls in healthy woman (see Table I , Figs. 8-10 ). The vaginal axis is actually tilted back (towards the sacrum) and so the anterior vaginal wall would receive the pressures of lifting, straining, coughing, jumping, etc., with greater forces than the posterior vaginal wall. Also, the posterior vaginal wall is resting on the rectum and pelvic floor muscles, which may "cushion" forces transmitted to the pelvis, as opposed to the anterior vaginal wall. That means we could expect higher Young's modulus for anterior than posterior vaginal walls in healthy woman which is in agreement with the data presented in Figs. 8 and 9 . Despite the observed data variability presented in Figs. 8 and 9, which might be caused by probe linear displacements during vaginal tissue compression, by patient movements, and spatial displacement of the rotating axis, we may clearly see from Fig. 10 that the elasticity index is decreased from 0.11 to 0.03 kg/deg. for anterior and from 0.10 to 0.03 kg/deg for posterior vaginal walls. This difference is statistically significant as demonstrated by both the visual comparison of the confidence interval for the presented sample means in Fig. 10 (normal versus prolapse) and the results of the t-test for anterior and posterior. For the combined data (anterior and posterior), we received significant value for t-test less than 0.001 with the 95% confidence interval [0.028, 0.093] on the difference in means of elasticity indexes for normal versus prolapse condition. We believe that such a significant change in the elasticity index can be reliably detected and quantitatively assessed with the use A critical review of published data on the urogynecologic aspects of female sexual dysfunction demonstrates a lack of standardized instruments for assessing biomechanical conditions of the pelvic floor. Clinicians highlight the need for studies to assess the anatomical, physiological, and sensory mechanisms related to female sexual dysfunction [49] . Published studies measuring vaginal tissue elasticity properties involve testing of vaginal biopsies obtained at the time of pelvic surgery [50] , use of animal models, or use of cadaveric tissue [51] - [53] . There are several obvious disadvantages of these laboratory measurements including testing of only local areas of the vagina with an inability to correlate with overall vaginal properties and removal of the specimen from the living body and the underlying tissues. Other measurements that have been reported include use of suction pressure to deform the vaginal tissue inward and measuring the amount of stretch obtained with a specified pressure application, balloon distention pressure measurements, and subjective physician examiner assessment of elasticity based on a scaled scoring system [54] .
Several research groups have tested ultrasound elastography for elasticity assessment of uterine, cervical, or pelvic floor tissue. A group from the University of Wisconsin [55] , [56] proposed to use this approach for differentiation between fibroids and adenomyosis in the uterine wall. A group from Germany [57] investigated the basic tissue elasticity properties of the cervix in pre-and postmenopausal healthy women and compared these findings with the results from a group of patients with focal pathology of the cervix. They found that computer-assisted and subjective evaluation of cervical ultrasound elastography allows differentiation of malignancy from normal findings while cervical tissue is of medium hardness and does not change with age.
The overall surgical goal for prolapse surgery is to give the most functional repair, while preventing recurrence of the condition and minimizing complications incurred by the repairs. Recurrence is one of the barriers in surgical correction most frustrating to both the surgeon and the patient. Failure rates have been cited as high as 20%-40% after surgical repair, with over 50% occurring within the first three years [58] . In attempts to minimize recurrence, with the understanding that many patients with POP have inherent deficient or defective connective tissue, many reconstructive surgeons have turned to the use of adjuvant materials for vaginal support, including the use of synthetic, allogenic, xenogenic, or autologous materials [59] . Currently, at least ten synthetic materials are available for vaginal use [60] . Unfortunately, none of the currently available graft materials is ideal for restoration of both optimal support and functionality of the vaginal walls.
How to evaluate the quality of the surgical repair of pelvic organ support is not known. If there were a way to reproducibly measure elasticity of pelvic floor tissues and to record 3-D elasticity image of the vagina after reconstructive surgery, it may be possible to quantitative characterize the effectiveness of the surgical approach and behavior of materials used for vaginal support in vivo. We believe that VTI may give answers on these questions.
V. CONCLUSION
A pilot clinical study with 13 patients demonstrated that tactile imaging allows quantitative evaluation of elastic properties of vaginal walls by means of the elasticity index and has a potential for differentiation of normal tissue and diseased tissue under prolapse condition. VTI allows imaging of a vaginal wall with increased rigidity due to implanted mesh grafts following reconstructive pelvic surgery.
